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ABSTRACT 

I n  t h e  AAP-3/AAP-4 dua l - r endezvous  m i s s i o n ,  any d e l a y  
i n  t h e  l a u n c h  o f  t h e  second  v e h i c l e  ( A A P - 4  LM/ATM) w i l l  d i s t u r b  
t h e  d e s i r e d  c o p l a n a r  o r i e n t a t i o n  o f  t h e  f i r s t  v e h i c l e  (AAP-3 CSM) 
and t h e  O r b i t a l  Workshop (OWS). 

Two methods o f  h a n d l i n g  t h i s  problem are  d i s c u s s e d  i n  
t h i s  memorandum. On t h e  one  hand,  t h e  c o p l a n a r  c o n d i t i o n  can  be  
r e s t o r e d  by an  i n - o r b i t  p lane-change  maneuver by t h e  CSM; or, on 
t h e  o t h e r  hand ,  t h e  c o p l a n a r  c o n d i t i o n  can  b e  m a i n t a i n e d  and t h e  
p lane-change  maneuver avo ided  by r a i s i n g  t h e  CSM a l t i t u d e  t o  t h a t  
of  t h e  O r h i t a l  Workshop f o r  t h e  d u r a t i o n  o f  t h e  AAP-4 l a u n c h  d e l a y .  

t h e  second a l t e r n a t i v e  ment ioned  above i s  c l e a r l y  p r e f e r a b l e ,  re- 
g a r d l e s s  o f  t h e  l e n g t h  o f  t h e  l a u n c h  d e l a y .  
a l t i t u d e  o f  1 6 0  mi les  some t r a d e - o f f  between t h e  two a l t e r n a t i v e s  
w a r r a n t s  f u r t h e r  s t u d y .  

For a LM/ATM i n j e c t i o n  a l t i t u d e  o f  240 n a u t i c a l  miles  

For a LM/ATM i n j e c t i o n  

P r o p e l l a n t  p e n a l t i e s  on t h e  o r d e r  o f  4 6 2  l b s  o f  SPS 
p! r*upei ian t  a r e  t h e  minimum i n  any c a s e .  Maximum p e n a l t i e s  f o r  
l m g  d e l a y s  e s n  exceee  2cco pounds. 
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1. Introduction and Problem Definition 

A unique feature of the AAP-3/AAP-4 three-vehicle, 
dual-rendezvous mission not found in the simpler two-vehicle, 
single-rendezvous missions is the concurrent "waiting" in 
orbit of two space vehicles in different orbits anticipating 
the launch of the third. During the time interval between 
the launch of the AAP-3 CSM and the AAP-4 LWATM (nominally 
about 1 day) both the CSM and the Orbital Workshop (OWS) 
orbits are perturbed unequally by the regressional influence 
of the earth's oblateness. If the launch of the third vehicle 
(in this case the AAP-4 vehicle) occurs on time, the orbits 
of the other two vehicles will be in the proper orientation 
f o r  the subsequent rendezvous operations; that is, the angle 
between the lines of nodes f o r  the CSM and OWS workshop orbits 
will be zero. If, however, the AAP-4 laur,ch is delayed, the 
differences in the regression rates of the orbit planes for 
the CSPI and OWS orbits will generate an increasing nodal angle 
difference, which will be reflected in the build-up of a wedge 
angle; between the two orbital planes. 
a t e d  fuel pei2altji i7equli7ed to i:t.ailgri iiie i i r i e s  or^ nodes in 
order to remove this wedge angle can be significant, even for 
a delay of only one day in AAP-4 launching. 

The delta-V and associ- 

In succeeding paragraphs this problem is discussed 
in detail and the apparent meaas of factoring it into the 
overall AAAP-3/AAP-4 contingency mission analysis are compared. 

It should be noted that this differential nodal re- 
gression problem is not the only one associated with a launch 
delay of the AAP-4 vehicle. Other problems of relative vehicle 
in-orbit phasing relationships, rendezvous lighting conditions, 
and abort and recovery considerations must be included in any 

'The wedge angle is the small angle of intersection between 
the CSM and OWS orbital planes. 
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comprehens ive  c o n t i n g e n c y  p l a n  f o r  l a t e  l a u n c h e s .  T h i s  
memorandum a d d r e s s e s  i t s e l f  o n l y  t o  t h e  n o d a l  r e g r e s s i o n  
problem w i t h  t h e  p re sumpt ion  t h a t  a s u c c e s s f u l  s o l u t i o n ,  
if found,  c a n  b e  f a c t o r e d  i n t o  a n  o v e r a l l  c o n t i n g e n c y  p l a n .  

2 .  De ta i l s  o f  t h e  r4odal R e g r e s s i o n  Problem 

For o r b i t a l  i n c l i n a t i o n s  o f  o t h e r  t h a n  90 d e g r e e s  
t h e  r e g r e s s i o n  r a t e  o f  t h e  l i n e  o f  nodes  and  t h e  c o r r e s p o n d i n g  
s e c u l a r  p e r t u r b a t i o n  r a t e  for t h e  n o d a l  a n g l e ,  R ,  i s  a f u n c t i o n ,  
among o t h e r  p a r a m e t e r s ,  o f  t h e  o r b i t a l  a l t i t u d e  and i n c l i n a t i o n  
o f  t h e  s p a c e  v e h i c l e .  I n  t h e  AAP-3 /AAP-4  dua l - r endezvous  m i s -  
s i o n ,  which i s  to b e  f lown a t  a n  i n c l i n a t i o n  o f  2 8 . 8 6  c iegrees ,  
t h e  d i f f e r e n c e  i n  a l t i t u d e  between t h e  1 1 0  nm CCM p a r k i n g  o r b i t  
and  t h e  2 5 0  r,m OIdS o r b i t  c a u s e s  t h e  l o w e r - a l t i t u d e  CSM o r b i t  
t o  r e g r e s s  a t  a r a t e  a p p r o x i m a t e l y  1 d e g r e e  p e r  day f a s t e r  t h a n  
t h e  h i g h e r - a l t i t u d e  OVS o r b i t .  A s  a r e s u l t  o f  t h i s  d i f f e r e n t i a l  
r e g r e s s i o n ,  a wedge a n g l e  between t h e  CSZ.4 and OWS o r b i t a l  p l a n e s  
d e v e l o p s  a t  t h e  r a t e  o f  a p p r o x i m a t e l y  1 / 2  d e g r e e  P e r  d a y .  T h i s  
i n c r e a s i n g  wedge a n g l e  r e p r e s e n t s  a n  ou t -o f -p l ane  p e n a l t y  t h a t  
must b e  p a i d  a t  some t i m e  p r i o r  to r e n 6 e z v o u s .  F o r  t h i s  a n a l -  
y s i s ,  it i s  assumed t h e  wedge a n g l e  would b e  removed a t  t h e  
i n t e r s e c t i o n  o f  t h e  CSY arld OWS o r b i t a l  p l a n e s .  

The d a i l y  a n g u l a r  d i f f e r e n c e ,  Re,, between t h e  l i n e s  
of  nodes  of  t h e  1 1 0  nm CSP4 and t h e  250  nm OWS c i r c u l a r  o r b i t s  
was d e t e r m i n e d  by u s i n g  t h e  f o l l o w i n g  e q u a t i o n s :  

where 

( a >  T and T a r e  t h e  p e r t u r b e d - s y n o d i c  p e r i o d s  o f  ne  no 
t h e  CSM and O W S ,  r e s p e c t i v e l y ,  i n  s e c o n u s .  ( e a r t h  
ob 1 a t  e n e  s s p e r t ur b a t  i on s 0 n 1 y ) 

( b )  ilc and h a r e  t h e  n o d a l  r e g r e s s i o n  r a t e s  p e r  p e r -  lo - t u r b e d - s y n o d i c  p e r i o d  2 o f  t h e  C S M  and OWS r e s p e c t i v e l y ,  
i n  r a d i a n s  p e r  second.  

T and 6 for c i r c u l a r  o r b i t s  may be  approx ima ted  by:  

2The s y n o d i c  p e r i o d  i s  d e f i n e d  as t h e  t i m e  i t  t a k e s  t h e  
s p a c e  v e h i c l e  to t r a v e l  from one  a s c e n d i n g  node to t h e  n e x t  
a s c e n d i n g  node .  
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- 3 ~  J2 c o s  i 
R E  r a b / r e v  ( 3 )  

i = i n c l i n a t i o n  of  t h e  v e h i c l e  o r b i t  

1 ~ .  = g r a v i t a t i o n a l  p o t e n t i a l  o f  t h e  e a r t h  

J2 = c o e f f i c i e n t  of  2nd term i n  t h e  s e r i e s  
e x p r e s s i o n  f o r  t h e  e a r t h ’ s  p o t e n t i a l  f u n c t i o n  
when o b l a t e n e s s  e f f e c t s  are  i n c l u d e d  

R = mean r a d i u s  o f  t h e  e a r t h  

The r e s u l t i n g  CSM wedge a n g l e ,  d K ,  ana  wedge a n g l e  
v e l o c i t y  p e n a l t y ,  AV , f o r  Ll’I/ATN l a u n c h  d e l a y  were d e t e r m i n e d  

6 ,  

where 

K = number of  days d e l a y  i n  l a u n c h i n g  t h e  LM/ATM 
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F i g u r e  1 shows t h e  wedge a n g l e  v e l o c i t y  p e n a l t y  (AV ) 6 .- 
1.1 

and t h e  c o r r e s p o n d i n g  p r o p e l l a n t  (W ) r e q u i r e d  as a f u n c t i o n  

o f  LM/ATM l a u n c h  d e l a y  i n  d a y s .  The f u e l  p e n a l t i e s  f o r  t h e  
1 6 0  and 2 4 0  nm LDI/ATM i n j e c t i o n  a l t i t u d e s  were d e t e r m i n e c  f rom 
t h e  s l m p l e  r o c k e t  e q u a t i o n :  

PK 

where 

W = p r o p e l l a n t  p e n a l t y  
PK 

Wo = i n i t i a l  s p a c e c r a f t  we igh t  

I = 3 1 2 . 5  s e e .  (SPS s p e c i f i c  i m p u l s e )  
SP 

3 .  A l t e r n a t e  S o l u t i o n s  

A 

I n  view o f  t h e  r e l a t i v e l y  h i g h  f u e l  p e n a l t y  a s s o c i -  
a t ed  w i t h  removing even s m a l l  o r b i t a l  p l a n e  o r i e n t a t i o n  a i f -  
f e r e n c e s ,  c o n s i d e r a t i o n  has  been  g i v e n  to p r e v e n t i n g  t h e  d i f -  
f e r e n t i a l  n o d a l  r e g r e s s i o n  r a t h e r  t h a n  r e a l i g n i n g  t h e  CSM and 
OWS l i n e s  of nodes  i n  t h e  e v e n t  o f  a d e l a y e d  AAP-4 l a u n c h .  T h i s  
c a n  be done ,  i n  p r i n c i p l e ,  b y  r a i s i n g  t h e  CSM o r b i t a l  a l t i t u d e  
t o  t h a t  o f  t h e  OWS when t h e i r  o r b i t s  a r e  e o - p l a n a r .  With b o t h  
t h e  CSM and OWS a t  t h e  same a l t i t u d e  f o r  t h e  d u r a t i o n  o f  t h e  
AAP-4 l a u n c h  d e l a y ,  t h e  noda l  r e g r e s s i o n  r a t e s  w i l l  be  t h e  same 
and c o n s e q u e n t l y ,  t h e  CSM and OWS l i n e s  o f  nodes  w i l l  r ema in  
i n  t h e  same p l a n e .  I n  a d d i t i o n ,  e q u i - a l t i t u d e  o r b i t s  w i l l  a l -  
low t h e  CSM and OWS to m a i n t a i n  e s s e n t i a l l y  t h e  same p h a s e  
r e l a t i o n s h i p  d u r i n g  t h e  l a u n c h  d e l a y  p e r i o d ,  t h u s  h e l p i n g  to 
a l l e v i a t e  a s e r i o u s  m u l t i - o r b i t  p h a s i n g  problem t h a t  c o u l d  
a l s o  d e v e l o p .  

Of  c o u r s e ,  v a r y i n g  t h e  CSM o r b i t a l  a l t i t u d e  i n  t h i s  
manner i n  i t s e l f  i n c u r s  a f u e l  p e n a l t y ;  and h e n c e ,  a t raae-  
o f f  s i t u a t i o n  d e v e l o p s  between r e a l i g n i n g  t h e  l i n e s  o f  nodes  
on  t h e  one hand and p r e v e n t i n g  t h e  d i f f e r e n t i a l  n o d a l  r e g r e s s i o n  



BELLCOMM, INC. - 5 -  

on the other. Figures 2 and 3 show schematically the changes 
in the CSM mission required to prevent the nodal regression 
problem. For the baseline mission in which the LM/ATM is in- 
serted at 240 nm altitude, the retrieval penalty associated 
with the CSM's return from 250 to 230 nm for rendezvous is 
relatively small (482 lbs propellant). In the case of the 
160 nm LM/ATM orbit that has been proposed, the fuel required 
to retrieve the LM/A.TM from this lower altitude is signifi- 
cantly larger (1403 lbs propellant). 

The delta-V's and associated propellant expenditures 
shown in Figures 2 and 3 for the pre-termina3 phase maneuvers, 
were computed fro= the b a s i c  rocket equat,ion f o r  a Hnhmmn 
transfer between two circular orbits. The values for the 
terminal phase maneuvers (which in all cases were initiated 
from 10 nm below the target vehicle) were obtained from data 
in references 1 and 2. It should be recognized that the delta- 
V and corresponding propellant values used here reflect an 
ideal minimum-fuel situation. In the course of detailed mission 
planning a more complete delta-V and propellant budget, i.n-- 
eluding among other factors allowances for rendezvous and 
docking dispersions, RCS ullage burns, and gauging errors 
must be developed. However, for comparative purposes in an- 
alyzing alternate schemes the simplified computations used 
here should be satisfactory. A CSM insertion weight of 36,000 
lbs in the 110 nm circular orbit, and a LWATM insertion weight 
of 24,800 l b s  in the 240 nm circular orbit (29,500 lbs when 
the LM/ATM is inserted into a 160 nm circular orbit) are based 
on the MSC data used in their discussions at the AAP Guidance, 
Performance, and Dynamics (GP&D) Subpanel meeting or, August 24, 

s r b i t  , havizg d e c 3 ~ 7 e d  a p p r o x i m 2 t , e l y  10 nm f r o m  the o r i  gi na.1 
260 nm circular orbit in which it was left at the completion 
of the AAP 1/AAP 2 dual-rendezvous mission. 

: v : h y ~ .  '~ne - 7  Gys was ass.,fiied to be a i967 at ----q 
L J W  iiiE alraular 

For comparison, the additional fuel requirements 
for performing the regression-prevention maneuvers of Figures 
2 and 3 have been plotted along with the regression-correction 
data of Figure 1. These combined data and the resulting 
"break-even" points for both LM/ATN orbits are shown in Figure 
4. Note that for the 240 nm LM/ATM orbit, even a very slight 
delay in AAP-4 launch makes the placing of the CSM at OWS al- 
titude an attractive alternative. For the 160 nm LM/ATM in- 
jection case, the break-even point occurs somewhat later. An 
important consideration in both cases, is the fact that the 
penalty associated with raising the CSM altitude is a pre- 
determined propellant quantity and mission maneuver that can 

3Equation (6) on p .  4 
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be factored into contingency mission planning. In contrast 
to this, the penalty to realign the C S N  and OWS lines of nodes 
is not a constant, but continues to increase with the AAP-4 
delay time and is correspondingly more difficult to account 
for in mission planning. 

4. Evaluation of Solution Strategies 

Based on the considerstions discussed in the precedifig 
paragraphs, several strategies for obtainin< an optimum solution 
to the nodal regression problem suggest themselves. F o r  the 
nominal mission with the LI'VATM injection altitude at 240 nm 
the fuel-penalty break-even point between the two alternative 
solutions occurs after a delay of less than 24 hours (see 
Figure 2). Thus, for this situation, any postponement of the 
AAP-4 launch would be best handled by %sing the CS?4 to the OWS 
altitude until the LM/ATM launch is successfully achieved. For 
the possible alternative mission in which the L?I/ATM is injected 
at only 160 nm, (see Figure 3) the break-even point occurs after 
a 3-day launch delay. Therefore some consideration must be 
given to correcting rather than preventing the nodal regression 
problem. Based on discussions at the 3rd ana 4th G P & D  subpanel 
meetings,current estimates for the probability of successfully 
launching the second vehicle of a dual launch mission on time 
are discouragingly small--on the order of a 20% or .2 probability. 
In addition, any problem causing a slip in the AAP-4 launch will 
lead to a mean expected delay of about 48 hours resulting in an 
expected velocity penalty, E(AV6), of 428 fps and an expected 
fuel penalty, E(Wp), of 1503 lbs. 
in mind, 2 check ef Figzre 1 s , h c ~ s  t h i t  hy lrcn~hing t h e  CSb? 
with a built in - l . O o  misalignment of the CSX and OWS lines of 
modes, a 48-hour delay could be accommodated with a fuel penalty 
equal to that required for a 24-hour delay. In the event of an 
on-time launch of the AAP-4 vehicle, a plane change maneuver 
would be required: or an in-orbit wait of 24 hours would be re- 
quired to allow for the removal of the built in -1 degree dif- 
ference in CSM-OWS lines of nodes by normal regression. This 
latter alternative may be procedurally unacceptable from a 
mission planning standpoint. Nevertheless, f o r  the 160 nm 
LM/ATM insertion altitude, some consideration should be given 
to realigning the CSM-OWS lines of nodes rather than placing 
the CSM in an equi-period orbit with the OWS. If the LM/ATM 
launch delay can be guaranteed not to exceed 72 hours, the 
relatively high penalty associated with a CSM retrieval maneuver 
from OWS altitude down to 160 nm and back to the OWS again may 
make the corrective burn a better choice. 

See Figure 4. With this 

/' 

W. L. Austin 

V J. .Esposito 

, a b  J' . /? ,t/ui // ' 

4/ 5 <f . rX ikL .& 

WLA 4 .- 
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